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The anomalous Nernst effect (ANE) has been investigated in alternately-stacked multilayer films 
comprising paramagnetic and ferromagnetic metals. We found that the ANE is enhanced with 
increasing the number of the paramagnet/ferromagnet interfaces with keeping the total thickness 
of the films constant, and that the enhancement appears even in the absence of magnetic prox¬ 
imity effects; similar behavior was observed not only in Pt/Fe multilayers but also in Au/Fe and 
Cu/Fe multilayers free from proximity ferromagnetism. This universal enhancement of the ANE 
in the metallic multilayers suggests the presence of unconventional interface-induced thermoelectric 
conversion in the Fe films attached to the paramagnets. 

PACS numbers: 72.15.Jf, 72.25.-b, 73.50.Lw, 85.75.-d 


The anomalous Nernst effect (ANE) is one of the trans¬ 
verse thermoelectric effects in ferromagnetic materials [l|- 
0. The electric field induced by the ANE Eane is gen¬ 
erated via spin-orbit interaction in the direction of the 
cross product of the spontaneous magnetization M and 
applied temperature gradient VT: 

Eane = 5'aneVT x ’ (1) 

where 5'ane is the anomalous Nernst coefficient. Al¬ 
though the ANE is a well-known phenomenon having 
a long research history, it is drawing renewed attention 
in the field of spintronics Q . Erom the viewpoint of 
fundamental physics, key targets in the ANE research in¬ 
clude microscopic understanding of the mechanism of this 
phenomenon [2|, [j, [7| and separation of the ANE from the 
spin Seebeck effects (SSEs) |9I42Q| . Erom the viewpoint of 
applications, development of novel thermoelectric gener¬ 
ation technology based on the ANE is already in progress 

i- 

Recently, the ANE has been investigated also in para¬ 
magnetic metals connected to ferromagnetic materials 
for revealing the effect of magnetic proximity on ther¬ 
mal spin-transport phenomena [2l|, [22| . In a paramag¬ 
net/ferromagnet junction system, when the paramagnet 
is near the Stoner ferromagnetic instability (e.g., Pt and 
pd) min, ferromagnetism may be induced in the para¬ 
magnet in the vicinity of the paramagnet/ferromagnet 
interface due to static magnetic proximity effects. If the 
proximity ferromagnetism is combined with spin-orbit in¬ 
teraction, the ANE may appear even in the paramagnetic 
materials. In 2012, Huang et al. 0 pointed out that the 
proximity-induced ANE (PANE) might contaminate the 
longitudinal SSE (LSSE) in Pt/Y 3 Ee 50 i 2 (YIG) 


junction systems, which are commonly used for investi¬ 
gating spin-current phenomena. Eollowed by this prob¬ 
lem presentation, we experimentally demonstrated that 
transverse thermoelectric voltage in Pt/YIG systems is 
due purely to the LSSE and established a method for the 
clear separation of the PANE from the LSSE [l3. fisl. . 
In 2014, Guo et al [25| theoretically investigated the 
PANE in ferromagnetic Pt and Pd within Berry-phase 
formalism based on relativistic band-structure calcula¬ 
tions; the magnitude of the PANE coefficient for Pt on 
YIG was predicted to be small: 5'ane ^ 0.06 /iV/K. The 
PANE contribution to the output voltage in real Pt /YIG 
systems is further reduced because of short-circuit effects; 
since the proximity ferromagnetism in Pt exists only in 
several atomic layers adjacent to the Pt/YIG interface 
and the remaining region is a paramagnetic metal with 
high electrical conductivity, the PANE in the thin fer¬ 
romagnetic region is electrically shunted [110. Due 
to this situation, there is no clear evidence for the exis¬ 
tence of the PANE; only the upper limit of the PANE 
contribution in the Pt/YIG systems is provided [l8| . 

Then, is it possible to enhance the PANE intention¬ 
ally? A straightforward way to answer this question is to 
increase the density of proximity ferromagnetism, since 
the ANE is proportional to the magnetization in general 
[l|. This is realized by attaching paramagnets to fer- 
romagnets with large saturation magnetization and by 
increasing the number of the paramagnet/ferromagnet 
interfaces per unit volume. Eollowing this strategy, we 
focus on Pt/Ee multilayers, where the saturation mag¬ 
netization of Ee (^ 22.1 k G) is 12 times greater than 
that of YIG (^ 1.8 kG) [22|,[26| at room temperature. By 
stacking thin Pt/Ee films, the density of the proximity- 
induced Pt ferromagnetism in the Pt/Ee multilayers can 
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FIG. 1: Schematic illustrations of the LSSE in the Pt/YIG 
junction (a) and the ANE in the IM conhguration in the Pt/Ee 
multilayer sample formed on the GGG substrate (b). VT, 
M, Js, Eishe, and Eane denote the temperature gradient, 
magnetization vector, spatial direction of the thermally gen¬ 
erated spin current, electric field induced by the ISHE, and 
electric held induced by the ANE, respectively. Red areas in 
the Pt layers schematically illustrate proximity-induced fer¬ 
romagnetic regions. 


be much greater than that in the conventional Pt/YIG 
systems (see Fig. [1]). In fact, proximity-induced mag¬ 
netic moments in Pt connected to Fe were conhrmed to 
be much greater than those in Pt connected to YIG by 
the measurements of X-ray magnetic circular dichroism 
[ 2 ^. In this study, to investigate the possible enhance¬ 
ment of the PANE, we measured the transverse thermo¬ 
electric voltage in the Pt/Fe multilayers in different mag¬ 
netization and temperature-gradient conhgurations with 
changing the Pt/Fe-interface density. 

Figure Hb) shows the schematic illustration of 
the Pt/Fe multilayer sample used in the present 
study. We prepared four alternately-stacked Pt/Fe 
multilayer samples with the different layer number: 
Pt5/Fe5, Pt2/Fe2/Pt2/Fe2/Pt2, [Ptl.25/Fel.25] x4, and 
[Ptl/Fel] x5 samples, where the number of the Pt/Fe in¬ 
terfaces is = 1, 4, 7, and 9, respectively, and the nu¬ 
meric characters after Pt and Fe represent the thicknesses 
in units of nm; for example, the Pt5/Fe5 sample refers 
to a bilayer film comprising a 5-nm-thick Pt film and 


a 5-nm-thick Fe film. Importantly, the total thickness 
of all the multilayer films is fixed at 10 nm [Fig. Efe)]; 
the layer density of the Pt/Fe interfaces monotonically 
increases with increasing N, a situation different from 

The Pt/Fe multilayer films 


other experiments [27|, l2g 
were formed on the whole surface of single-crystalline 
Gd 3 Ga 50 i 2 (GGG) (111) substrates by means of ultra- 
high vacuum magnetron sputtering at ambient tempera¬ 
ture. The substrates do not affect the ANE in the Pt/Fe 
multilayers because GGG is a paramagnetic insulator 
[ 2 ^, [ 3 ^. Since the top layer of all the Pt/Fe multilay¬ 
ers is Pt, we can exclude possible artifacts caused by the 
oxidation of the Fe layers. The lengths of the GGG sub¬ 
strates along the x, and 2 : directions are = 2 mm, 
Ly = 6 mm, and Lz = I mm, respectively. We checked 
that the total magnetization of the Pt/Fe multilayer films 
is almost independent of N [Fig. Eff)], indicating that the 
saturation magnetization of each Fe layer is not changed 
in these multilayer films. Owing to the large saturation 
magnetization of Fe and the high Pt/Fe-interface density, 
the PANE in the Pt/Fe multilayer sample with N = 9 
is expected to be two orders of magnitude greater than 
that in the conventional Pt (10 nm)/YIG systems. 

The ANE in the Pt/Fe multilayer samples was mea¬ 
sured in two different configurations. One is an in¬ 
plane magnetized (IM) configuration, in which an exter¬ 
nal magnetic field H with the magnitude H is applied 
parallel to the Pt/Fe interface and a temperature gradi¬ 
ent VT is applied perpendicular to the interface [see Fig. 
Ha)]. The IM configuration is widely used for measuring 
the LSSE in paramagnet/ferromagnet junction systems, 
where the symmetry of the LSSE is determined by the 
inverse spin Hall effect (ISHE) dMi in the paramagnet: 


Eishe = AsheJs x ct 


( 2 ) 


with T 1 SHE 5 Eishe, Js, and cr respectively being the 
ISHE coefficient, electric field induced by the ISHE, spa¬ 
tial direction of the spin current flowing perpendicu¬ 
lar to the paramagnet/ferromagnet interface, and spin- 
polarization vector in the paramagnet parallel to M of 
the adjacent ferromagnet. Since Jg is parallel to VT, 
both the LSSE and ANE can exhibit the transverse ther¬ 
moelectric voltage in the IM configuration [see Eqs. m 
and (H]- The other is a perpendicularly magnetized 
(PM) configuration, in which H is perpendicular to the 
Pt/Fe interface and VT is parallel to the interface [see 
Fig. H^)]- In the PM configuration, the ANE voltage 
can appear, while the LSSE voltage disappears due to 
the symmetry of the ISHE [see E a© and note that 
Js II cr in the PM configuration] [3^. Therefore, the 
comparison of the transverse thermoelectric voltage be¬ 
tween the IM and PM configurations enables the sepa¬ 
ration of the ANE from the LSSE [3, [3, To gen¬ 
erate VT in the IM and PM configurations, the samples 
were sandwiched between two highly thermally conduc¬ 
tive AIN plates, of which the temperatures are stabilized 
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FIG. 2: (a),(b) Schematic illustrations of the Pt/Fe multilayer sample in the IM (a) and PM (b) configurations. H denotes 
the magnetic field vector with the magnitude of H. During the measurements of the ANE, a uniform external magnetic field 
was applied by using a superconducting solenoid magnet, (c) The in-plane magnetization curve and the H dependence of 
the transverse thermopower S for the Pt/Fe multilayer samples for various values of N in the IM configuration. M and N 
denote the total magnetization (in units of kemu/cm^) of the Pt/Fe multilayer samples, measured with a vibrating sample 
magnetometer, and the number of the Pt/Fe interfaces, respectively. The M data were measured by using Pt/Fe multilayer 
films formed on thermally oxidized silicon substrates since the large paramagnetism of GGG is an obstacle to detect M of the 
thin films. In the M-H curves, the contributions from the silicon substrates are subtracted. So is the anomalous component 
of S, obtained by extrapolating the S-H curve in the high H field range to zero field, (d) The perpendicular magnetization 
curve and the H dependence of S for the Pt/Fe multilayer samples for various values of N in the PM configuration, (e) N 
dependence of the total thickness of the Pt/Fe multilayer samples, measured with a surface profiler, (f) N dependence of M. 
(g) N dependence of the sheet resistance Rs of the Pt/Fe multilayer samples in the y direction, measured by a four-probe 
method. 


at 300 K and 300 K + AT with the temperature dif¬ 
ference AT. The details of the experimental procedure 
are described in Ref. [l8|. We measured an electric volt¬ 
age difference V between the end of the Pt/Fe multi¬ 
layer samples along the y direction. Hereafter, we mainly 
plot the transverse thermopower S = {V/AT){Lz/Ly) 
[S' = (V/AT){Lx/Ly)] in the IM (PM) configuration. 

In Fig. He), we compare the H dependence of S with 
the in-plane magnetization curve for the Pt/Fe multi¬ 
layer films. All the Pt/Fe multilayers exhibit the clear S 
signals of which the sign is reversed in response to their 
magnetization reversal. We found that the magnitude 
of the S signals monotonically increases with increasing 
the number of the Pt/Fe interfaces N. As shown in Fig. 
[2][d), similar behavior was observed also in the PM con¬ 
figuration. This situation is completely different from the 
LSSE in the conventional Pt/YIG systems, where the S 
signal in the PM configuration is negligibly small while 
that in the IM configuration is comparable in magnitude 
to the ANE in the Pt/Fe multilayers with the large N 
values (see Refs, [isl, l20| and red-star data points in Fig. 
[3|). Therefore, we can conclude that the ANE is enhanced 


with increasing N in the Pt/Fe multilayer samples. We 
also confirmed that the H dependence of S is not af¬ 
fected by the magnetoresistance of the Pt/Fe multilayer 
samples, where the magnetoresistance ratio was observed 
to be much smaller than < 1 % even for A = 9. 

The blue (green) circle data points in Fig. [3l[a) [3l[b)] 
show the anomalous component of the S signal, 5'o, in 
the Pt/Fe multilayer samples as a function of N in the 
IM (PM) configuration, where the Sq values are ex¬ 
tracted by extrapolating the S data in the high field range 
(50 kOe < A < 90 kOe) to zero field [35|. The magnitude 
of So increases roughly in proportion to N in the Pt/Fe 
multilayer samples in both the configurations. We found 
that the So signal normalized by the sheet resistance 
shown in Fig. Efg), which represents the charge current 
generated by the ANE per unit temperature difference, 
also increases with increasing N in the Pt/Fe multilayer 
samples [see Figs. He) and[3][d)]. The strong correla¬ 
tion between the ANE and the Pt/Fe-interface density is 
seemingly consistent with the appearance of the PANE 
in the Pt layers, of which the magnitude should be en¬ 
hanced with increasing N as discussed above. 
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FIG. 3: (a),(b) N dependence of So in the Pt/Fe, Au/Fe, and Cu/Fe multilayer samples in the IM (a) and PM (b) configurations. 
The total thickness of these multilayers is 10 nm. The So signals in a 10-nm-thick Fe film on the GGG substrate and in 10- 
nm-thick Pt films on the GGG and YIG substrates are plotted at iV = 0. The Gu/Fe multilayer samples are covered with 
1-nm-thick Pt films to avoid the oxidation of the top Gu layers. (c),(d) N dependence of So/Rs in the Pt/Fe multilayer, Au/Fe 
multilayer, Gu/Fe multilayer, Fe/GGG, Pt/GGG, and Pt/YIG samples in the IM (c) and PM (d) configurations. 


To clarify the origin of the ANE enhancement in the 
Pt/Fe multilayers, we performed the same measurements 
using Au/Fe and Cu/Fe multilayer samples, in which the 
Pt layers are replaced with An and Cu films, respectively. 
Since An and Cu are typical metals far from the Stoner 
instability [H, and proximity-induced magnetic mo¬ 
ments in An and Cu are much smaller than those in Pt 
[iol . [36I - [4 q| . the ANE measurements using these multi¬ 
layers allow us to judge whether or not the observed en¬ 
hancement of the ANE in the Pt/Ee multilayers origi¬ 
nates from the proximity ferromagnetism in Pt. In Eigs. 
Ha) andHb), we also show the N dependence of So in 
the Au/Ee multilayer (closed triangles) and Cu/Ee mul¬ 
tilayer (open squares) samples in the IM and PM config¬ 
urations, respectively. We found that, even in the Au/Ee 
and Cu/Ee multilayer samples, the clear So signals ap¬ 
pear and their magnitude increases with increasing N. 
Although the magnitude of the So signals in the Pt/Ee 
multilayers is greater than that in the Au/Ee and Cu/Ee 
multilayers, the difference in So between these samples 
is attributed mainly to that in the sheet resistance; the 
magnitude of So/Rs in all the samples is comparable at 
each N value [see Eigs. He) andH^)]- Here we note 
that So/Rs is more essential to compare the ANEs in 
these multilayer systems since this factor includes the 


correction coming from the short-circuit effects approxi¬ 
mately. Therefore, we conclude that there is no convinc¬ 
ing evidence for the existence of the PANE even in the 
Pt/Ee multilayers and that the main contribution to the 
ANE enhancement is not the magnetic proximity effect. 
If we assume that the difference in the So /Rs values be¬ 
tween the Pt/Ee and Au/Ee multilayers comes from the 
proximity ferromagnetism, the upper limit of the PANE 
contribution in the Pt/Ee multilayer sample with N = 9 
is estimated to be So/Rs = 2.3 nA/K (1.0 nA/K) in the 
IM (PM) configuration. However, the upper limit for the 
IM configuration cannot be interpreted quantitatively be¬ 
cause of the possible contributions of the ISHE induced 
by thermal spin currents and of the correction factor for 
the thermal conductivity 18, The upper limit for 
the PM configuration estimated here is not conflict with 
the PANE coeffleient in Pt predicted by Guo et al. [^ . 


The above experiments demonstrate that the ANE 
is enhanced in the alternately-stacked paramag- 
net/ferromagnet multilayer Aims even in the absence 
of the proximity ferromagnetism in Pt. However, the 
microscopic origin of this universal enhancement of 
the ANE in the metallic multilayers still remains to 
be clarified. One of the unconventional behaviors is 
that the ANE coeffleients in our Pt/Ee, Au/Ee, and 
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Cu/Fe multilayers are opposite in sign to the coefficient 
for bulk Fe. In fact, we checked that the sign of the 
ANE signal in a 10-nm-thick plain Fe film on the GGG 
substrate is opposite to that in the multilayer samples 
(see black square data points in Fig. El), where the Fe 
film was prepared under the same condition as that for 
the multilayers. Since the parameters changing in our 
paramagnet/Fe multilayers are the Fe thickness and the 
interface density, the above experimental results suggest 
the presence of extraordinary thickness dependence of 
the ANE in the Ee films attached to the paramagnets or 
unconventional ANE at the paramagnet/Ee interfaces. 
In metallic multilayer systems, additional ANEs might 
be driven by the modulation of spin-orbit interaction 
due to the following candidates: (1) surface roughness of 
the Ee layers im, (2) inter diffusion and alloying at the 
paramagnet/Ee interfaces, (3) strain in the Ee layers, and 

(4) crysta l-sy mmetry breaking at the paramagnet/Ee 
interfaces [42|. We believe that, at least for the ANE in 
the PM configuration, the candidate (1) is plausible to 
explain the universal enhancement of the ANE in the 
paramagnet/ferromagnet multilayers, because the others 
may depend on the species of the paramagnetic layers. 
Nevertheless, more systematic studies are required for 
the full understanding of the observed behavior. 

In conclusion, we measured the anomalous Nernst ef¬ 
fect (ANE) in the alternately-stacked Pt/Ee, Au/Ee, and 
Gu/Ee multilayer films in the in-plane and perpendicu¬ 
larly magnetized configurations to investigate the possi¬ 
ble contribution of the ANE induced by magnetic prox¬ 
imity effects in the paramagnetic metals. The ANE in 
these multilayer systems was observed to be enhanced 
with increasing the layer density of the paramagnet/Ee 
interfaces in both the configurations irrespective of the 
presence or absence of the proximity ferromagnetism, al¬ 
though the origin of the ANE enhancement is yet to be 
revealed. Recently, the enhancement of the longitudinal 
spin Seebeck effect (LSSE) has also been demonstrated 
using Pt/Ee 304 multilayer films [l^, metallic paramag¬ 
net/ferromagnet multilayers [HI, and in magnetic oxide 
superlattices in the in-plane magnetized configura¬ 
tion. These experimental results show the usefulness of 
magnetic multilayer systems for thermoelectric applica¬ 
tions. We anticipate that further investigation of the 
ANE and LSSE in multilayer systems will lead to the 
establishment of novel mechanisms for enhancing ther¬ 
moelectric and thermo-spin effects. 
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